Abstract
Introduction
High valent molybdenum and tungsten compounds have found important applications as catalysts in various industrial processes related to olefin metathesis [1] and ring opening metathesis polymerization [2] , in which intermediate alkylidene moieties are readily formed particularly in the presence of stabilizing alkoxo and imido ligands. Imido molybdenum and tungsten complexes have also been used as model catalysts for the ammoxidation of olefins [3] . For all these reasons the chemistry of transition-metal imido complexes has been extensively developed in the past 5 years and continues to expand [4] . We have lately reported the isolation of several h 5 -cyclopentadienyl imido complexes of Group 5 and 6 metals in high yields [5] . Alkyl derivatives of chloro diimido [6] and trichloro imido [5a,7] cyclopentadienyl molybdenum and tungsten compounds, usually without b-hydrogen atoms, have been reported. They provide easy access to alkylidene compounds by a-hydrogen abstraction followed by reductive elimination of alkanes which have been shown to be effective metathesis catalysts [8] . We have recently reported the isolation of tungsten alkylidene compounds [WCp*(N t Bu)( CHR)(CH 2 R)] (R= H, Ph, SiMe 3 ) and [WCp*(N t Bu) ( CHSiMe 3 )Cl] [9] and were interested in studying the behaviour of related compounds with b-hydrogen containing alkyl groups. Preferential a-against b-elimination has been reported [10] and the catalytic activity of trans-[WOCl 2 (O-2,6-Br 2 C 6 H 3 ) 2 ] in the presence of PbEt 4 has been explained [11] (3) characterized by NMR spectroscopy. The initial mixture also contained the trans-3 stereoisomer identified by the unique methylenic CH 2 -Me quartet observed at l 2.40 in the 1 H-NMR spectrum of the oily residue, which disappeared on manipulation probably due to its isomerization to the cis-3 isomer favoured by the strong transeffect of the imido ligand. Formation of 4 when a deficiency of the alkylating agent is present demonstrates that the alkylation of any partially alkylated species is more rapid than that of the starting compound. The monoethyl complex cis-3 could not be obtained free of the starting complex as both exhibited similar solubility and repeated recrystallization from toluene resulted only in a 6/1 molar ratio of both compounds, cis-3 being the major component.
The same behaviour was observed when the reaction was carried out adding two equivalents of the alkylating agent leading to a mixture which contained 4/cis-3 in a molar ratio slightly higher than 1/1 and a smaller amount of the starting trichloro complex. Formation of the diethyl complex was never observed. The triethyl complex 4 was the only component formed and recovered in a 70% yield after recrystallization when three equivalents of the alkylating agent were used (Scheme 1 types of alkyl groups in a 1:2 molar ratio. They exhibit a spectral behaviour consistent with A 2 B 3 (trans-ethyl), ABC 3 (cis-ethyl), A 2 B 2 C 3 (trans-n-propyl) and ABCDE 3 (cis-n-propyl) spin systems, respectively (see Section 3). The 13 C-NMR spectra for 4 and 5 confirmed these assignments and showed a remarkable shielding (Dl = ltrans -lcis) trans-b-effect (− 6.1 ppm for 4 and − 6.4 ppm for 5) and a very small a-effect (− 1.9 ppm for 4 and −1.3 ppm for 5) of the imido ligand.
In addition two singlets were observed, one for the t Bu and one for the methyl-cyclopentadienyl groups for all of these compounds.
X-ray molecular structure of complex 4
A diagram of the molecular structure of 4 is shown in Fig. 1 and selected bond distances and angles are given in Table 1 .
If the centroid of the cyclopentadienyl ligand is viewed as occupying one coordination site, the geometry about tungsten in this complex is close to being square pyramidal with the four positions of the basal plane occupied by the N1 atom of the imido group and the three carbon atoms of the ethyl substituents C31, C41 and C51. The imido group shows an almost linear disposition with a W1-N1-C21 angle of 174.6(7)°and a very short W1-N1 triple bond distance (1.727 (7) . The most significant feature of this structure is the orientation of the ethyl group trans to the imido ligand which shows a W1-C41 distance slightly longer (2.249(9) Å ) than the other two located in cis-positions (2.228 (9) and 2.216(9) Å ), revealing the stronger trans-effect of this ligand. Moreover, the W1-C41-C42 angle for the trans-ethyl group is significantly more opened (126.0(6)°) than the corresponding record 13 C-NMR spectra or to recover them as solids by evaporation of the solvent resulted in their decomposition to give unidentified products.
IR and NMR spectroscopy
The two triethyl tungsten complexes 4 and 6 showed two IR absorption bands between 1263 and 1211 cm The cis disposition of the imido and the ethyl ligands in complex cis-3 was shown by the chiral character of the metal center which is responsible for the ABC 3 spin system of the ethyl group, in contrast with the A 2 B 3 spin system observed for trans-3 (see Section 3). The 1 H-NMR spectra of the triethyl 4 and 6 and tri-n-propyl complexes 5 and 7 show the expected (two) Table 1 Selected bond lengths (Å ) and angles (°) for 4 a Bond lengths
Bond angles
a Cp* (1) is the centroid of the cyclopentadienyl ring.
angles (117.5(6) and 117.2(6)°) for the other two ethyl groups with essentially sp 3 carbon atoms; the presence of an a-agostic interaction, which is the first step of the a-elimination process, could not be detected.
Thermal acti6ation of the alkyl tungsten complexes
Thermal activation of the triethyl and tri-n-propyl tungsten complexes 4-6 was studied by heating their C 6 Bu)( CHMe)-(CH 2 Me)] 9. Similar treatment of complex 4 (with the permethylated cyclopentadienyl ring) revealed that this compound is transformed at lower temperature (45°C) but its decomposition is slower than that of complex 6, 80 h being required to complete its transformation to give [WCp*(N t Bu)( CHMe)(CH 2 Me)] 8. When heated at temperatures higher than 50°C the reaction was faster but the resulting ethylidene complex was always contaminated by other unidentified by-products. In this case, the steric hindrance of the bulkier cyclopentadienyl ligand and its higher donor capacity makes its transformation into the ethylidene compound slower and less selective [10] . Similar treatment of the tri-n-propyl complex 5 led to its transformation after 3 h at 25°C, although a complete transformation required heating at 40°C for 24 h and was favoured by the presence of sun-light, giving the corresponding n-propylidene derivative [WCp*(N t Bu) ( CHEt)(CH 2 Et)] 10. This behaviour is consistent with the known preference for a-H abstraction in compounds containing larger C b substituents [10] .
The 1 H-NMR spectra of complexes 8, 9 and 10 showed the expected signals for the ethylidene proton of the W CHCH 3 moiety and the diastereotopic methylenic protons for the remaining alkyl group due to the chiral character of the tungsten atom. A NOE experiment (NOE=0.58%) for complex 8 allowed the assignment of the disposition of the ethylidene group with the H atom oriented in the direction of the cyclopentadienyl ring. All these assignments were confirmed by the 13 C-{ 1 H}-NMR spectra of 8 and 10 which showed the resonance due to the ethylidene carbon at l 247.4 ( 1 J CW = 167.2 Hz) and l 256.0 ( 1 J CW = 169.1 Hz), respectively (see Section 3).
Experimental

General methods
All manipulations were performed under an inert atmosphere of argon using standard Schlenck techniques or a dry box. Solvents used were previously dried and freshly distilled under argon: THF from sodium benzophenone ketyl; toluene from sodium; hexane from sodium-potassium. Unless otherwise stated, reagents were obtained from commercial sources and used as received. 
Molar ratio 1/3
A 2 M solution of MgClEt in THF (1.8 ml, 3.60 mmol) was added to a toluene (50 ml) solution of [WCp*(N t Bu)Cl 3 ] (0.60 g, 1.20 mmol) cooled to − 78°C and the mixture was stirred for 16 h. The solution was filtered and the solvent removed under vacuum to give a brown oil which was extracted into a 1/1 mixture of toluene/hexane (2×20 ml). The yellow solution was concentrated to ca. 15 ml and cooled to −40°C to give the triethyl complex A 2 M diethyl ether solution of MgCl(n-Pr) (2.00 ml, 4.00 mmol) was added to a toluene solution of Table 2 . Data were collected at r.t. Intensities were corrected for Lorentz and polarization effects in the usual manner. No absorption or extinction corrections were made. Intensity measurements were performed by −q scans in the range 2°B2q B52°.
The structure was solved by direct methods and refined by least squares against F 2 (SHELXL-97) [12] . Of the 4589 measured reflections, 3999 were independent; R 1 =0 0.041 and wR 2 =0.080 (for 2258 reflections with I\ 2|(I)). The values of R 1 and wR 2 are defined by
2 )/3 and | was obtained from counting statistics. All non-hydrogen atoms were refined anisotropically and the hydrogen atoms were introduced in the last cycle of refinement from geometrical calculations and refined using a riding model with thermal parameters fixed at U = 0.08 Å 2 .
Conclusions
New cyclopentadienyl imido b-hydrogen containing triethyl and tri-n-propyl tungsten(VI) complexes were prepared by reaction of the related trichloro derivatives [WCp%(N t Bu)Cl 3 ] with three equivalents of MgRCl 
